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CRITERIA

The calibrated flow model for the Milford area was
used to project the long-term effects of ground-water
withdrawals under different applied stresses. Alterna-
tives were designed to test the effects of withdrawals at a
rate equal to the “sustained” yield of the ground-water
system and to simulate development necessary for the
capture of natural discharge. In most cases, the pumping
distributions do not have practical applications. The con-
cept of “sustained” yield is used by the States of Nevada
and Utah, by which water rights generally are allocated
on the basis of the estimated, average annual recharge to
the basin in order to prevent long-term “mining” of
ground water. Model-simulated responses of water-level
declines and recovery and changes in discharge and stor-
age were used to compare the effect of different applied
stresses on the ground-water system.

Each development alternative was simulated for an
arbitrary period of 600 years. The first 300 years simulat-
ed pumping, followed by 300 years of recovery. The long
simulation period allowed the system to respond to the
new stress and to approach a new equilibrium.

Each hypothetical development alternative was con-
strained by the following arbitrary requirements: Pump-
ing wells were not located (1) where the depth to water
exceeds 200 ft, (2) where land-surface slopes are larger
than 200 ft/mi, (3) where the saturated thickness in any
model cell is less than 200 ft, and (4) where cells are
bounded on two sides by consolidated rocks. Within the
simulated area, no cells had transmissivity values that
were considered to be too small for pumping (less than
1.2 x 1072 ft?/s). Pumping requirements included (1) one
well per 160 acres, (2) a maximum average rate of 0.552
ft3/s (400 acre-ft/ yr) for each well, and (3) withdrawals
equally divided between the upper two model layers. All
simulations assumed net ground-water withdrawal, so it
was not necessary to simulate the recirculation of
pumped water to the aquifer.

Hypothetical development alternatives simulated for
the basin were as follows:

A. Concentrated pumping centers, withdrawing
ground water at a rate equal to the estimated average an-
nual recharge—Alternative Al concentrated pumping in
the southern one-half of the simulated area; alternative
A2 concentrated pumping in the northern one-half of the
simulated area; and alternative A3 concentrated pumping
in two equal centers, one in the south and one in the
north.
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B. Strategically placed distribution of withdrawals
that efficiently captured natural discharge, which in-
cludes evapotranspiration and basin outflow—Alterna-
tive Bl maintained pumping at a rate equal to the
estimated average annual recharge; alternative F'2 main-
tained pumping at 1.25 times the estimated average annu-
al recharge; and alternative B3 maintained pumping at
1.75 times the estimated average annual rechargs= for the
first 50 years and then at a rate equal to the estimated an-
nual recharge for the remaining 250 years.

Specific economic considerations were not ad ressed,
but were indirectly considered when placing constraints
on the model simulations. Possible degradation of water
quality due to recirculation of pumped water was not
considered in the simulations.

For each development alternative, a set of fcur plots
was made to graphically portray the response of the
ground-water system to the applied stress. The first plot
shows the average water-level decline within all pumped
cells at the end of each stress period. The second plot
shows the change in basin inflow and outflow through
the two general-head boundaries. In the other two plots,
the net change in storage and natural discharge at the end
of each stress period are divided by total recharg=. Total
recharge was calculated at the end of each stress period
by adding any increase in basin inflow entering through
the southwest general-head boundary to the other sourc-
es of recharge that remain constant throughout t*= simu-
lation. Natural discharge includes evapotransoiration
and basin outflow. If the ground-water gradient was re-
versed due to declining water levels in the northern one-
half of the basin, the computed basin inflow from the
northwest general-head boundary was subtract=d from
the basin outflow to get the net basin outflow that was
then used to determine natural discharge. The simulated
inflow at the north end of the basin was not added to the
total recharge because it was accounted for by reducing
outflow. During the recovery phase of each simrulation,
steady-state ground-water withdrawal, which was de-
fined as part of the steady-state conditions, was included
with natural discharge; otherwise, the potentiometric sur-
face at the end of each simulation would be higher than
the original steady-state potentiometric surface.

Plots of storage versus recharge and natural discharge
versus recharge can be used to evaluate the effectiveness
of each development alternative to approach a new equi-
librium condition, to capture natural discharge, and to let
ground-water levels recover. Ideally, if a new ejuilibri-
um condition is achieved during the 300 years of pump-
ing, then the ratio of water removed from storage to
recharge and the ratios of natural discharge to recharge
would stabilize. If all natural discharge was captured
during pumping, then the ratios would equal zero. If full
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recovery was achieved at the end of the 600-year simula-
tion, then the ratio of water entered into storage to re-
charge would equal zero and the ratio of natural
discharge to recharge would equal one.

All hypothetical simulations used calibrated, steady-
state conditions for the initial conditions. The simulations
were designed to test the effects of hypothetical ground-
water development patterns and did not incorporate the
present pattern.

DEVELOPMENT ALTERNATIVE Al

In this simulation, net ground-water withdrawals
were held equal to the estimated annual recharge.
Ground water was withdrawn from a concentrated
pumping center covering 105 cells that was located in the
southern one-half of the simulated area (fig. 19). With-
drawals were divided evenly between the upper two
model layers. The withdrawal for each cell depended on
its size and ranged from 0.552 ft*/s (400 acre-ft/yr) to
0.828 ft3/s (599 acre-ft/ yr).

After 300 years of pumping, a distinct cone of depres-
sion had developed covering the entire southern one-half
of the simulated area and extending into the northern
one-half (fig. 19). Computed water-level declines at the
basin boundaries were locally more than 100 ft. The aver-
age water-level decline within the pumped area was
about 160 ft (fig. 20). Boundary effects at both general-
head boundaries began to occur after 25 years of pump-
ing (fig. 21). Basin inflow from the Beryl-Enterprise area
increased from 2.65 ft3/s (1,920 acre-ft/yr) as pumping
began, to about 4.65 ft3/s (3,370 acre-ft/yr) by 300 years.
Although the computed basin outflow did not decrease
substantially, the net basin outflow at the northwest gen-
eral-head boundary decreased 7.60 ft3/s (5,500 acre-ft/ yr)
because of the reversal of the hydraulic gradient at the
southern end of this boundary.

After pumping ended at 300 years, water levels ini-
tially recovered rapidly with most of the water recharging
the basin going into storage (figs. 20, 22). After the full
300 years of recovery, water levels had returned to within
3 ft of the original level throughout most of the basin.
Only in the extreme southeast part were residual water-
level declines more than 5 ft; in this area, only a small
quantity of water was entering the basin fill from the con-
solidated rocks (fig. 23).

This development alternative is not the most efficient
for capturing natural discharge—only 80 percent was
eliminated (fig. 24). With water-level declines of less than
25 ft for most of the northern one-half of the basin, evapo-
transpiration was not completely eliminated. Although
net basin outflow through the general-head boundary
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was reduced, the computed basin outflow was reduced
only slightly. A new equilibrium condition was not
reached as shown in figures 20, 21, 22, and 24; therefore,
water was removed from storage throughout the 300
years of pumping. As a result, almost 25 years of recovery
were required to replenish the ground-water system be-
fore natural discharge began to increase.

DEVELOPMENT ALTERNATIVE A2

The net ground-water withdrawa's for development
alternative A2, like development alternative Al, were
held equal to the estimated annual recharge. Ground wa-
ter was withdrawn from a concentrat>d pumping center
in the northern one-half of the simulated area. As shown
in figure 25, 55 cells were pumped at a rate of 1.104 ft3/s
(799 acre-ft/ yr) per cell, evenly divided between the up-
per two layers.

As with development alternative Al, 300 years of
pumping produced a cone of depression that enveloped
the entire northern one-half of the basin (fig. 25). Because
of smaller transmissivity values in this part of the basin,
the water-level declines were much larger, averaging
nearly 220 ft in the pumped area (figs 25, 26). After 25
years, large boundary effects began to occur along the
northwest general-head boundary (fig. 27). After 300
years of pumping, the hydraulic gradient had been re-
versed along part of this boundary s» that basin inflow
was approaching basin outflow, thus making net basin
outflow small.

In the initial stages of recovery, water levels began to
rise rapidly with most of the water going into storage
(figs. 26, 28). In this development alternative, more water
than usual went into storage due to the increased basin in-
flow along the northern general-head boundary. At the
end of the full recovery period, water levels had returned
to within 5 ft of the starting level throighout most of the
pumped area (fig. 29); however, residual water-level de-
clines were larger than 30 ft in the northeast corner where
the Cove Creek drainage enters the basin. The eastern
model boundary in this area has a fixed flow rate while
the northern boundary has no flow entering the ground-
water system. The boundary conditions as defined might
be unrealistic; but the lack of data prevents the use of any
other type of boundary. The residual vvater-level declines
for this simulation probably represent a worst-case
situation.

Like development alternative Al, this development
alternative is not efficient at capturing natural discharge,
eliminating only 80 percent (fig. 30). Although basin out-
flow through the general-head bourdary was reduced
and evapotranspiration eliminated ir. the northern one-



SIMULATION OF HYPOTHETICAL DEVELOPMENT ALTERNATIVES G41

113°10' 113°00' 112°50' EXPLANATION

1 L

4 Cell simulating pumping

o e 25 === Line of equal water-level
decline after 300 years
of pumping—Interval is

25 feet

Boundary of study area

38°30' |=

38°20'

38°10'

IRON COU
T3S

»
= \\
'E S

R.12W. R11W R.10W. R.9W.

? 1I0 MILES

o0

T
5 10 KILOMETERS

FIGURE 19.—Simulated water-level declines after 300 years of pumping and areal distribution of cells simulating
pumping for development alternative Al.



G42

WATER-LEVEL
DECLINE, IN FEET

FLOW, IN CUBIC
FEET PER SECOND

RATIO OF STORAGE TO RECHARGE

|
[4)]
[=]

-100

-150

—200

20

[y
[4)]

[y
[=)

(5]

REGIONAL AQUIFER-SYSTEM ANALYSIS—GREAT BASIN—NEVADA AND UTAH

PUMPING

RECOVERY

LA I B e

T

IIIIIIII!lIIlIillIlr

(=]

FIGURE 20.—Simulated average water-level decline and recovery in model cells containing pumped wells for

300
TIME, IN YEARS

development alternative Al.

600

FIGURE 21.—Simulated changes in basin inflow and net outflow at general-head boundaries during pumping and

recovery for development alternate Al.
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FIGURE 22.—Simulated changes in the ratios of water removed from storage during pumping to recharge and water added to

storage during recovery to recharge for development alternative Al.
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FIGURE 23.—Simulated residual water-level declines after 300 years of recovery for development alternate Al.
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FIGURE 24.—Simulated change in the ratio of natural discharge to recharge during pumping and recovery for
development alternative Al.

half of the basin, evapotranspiration remained substantial
in the southern one-half. A new equilibrium was not
reached, with changes in storage and natural discharge
still occurring (figs. 26, 27, 28, 30). Because large quanti-
ties of water were removed from storage, over 25 years of
recovery were required before substantial increases in
natural discharge began to appear.

DEVELOPMENT ALTERNATIVE A3

In this simulation, there were two centers of concen-
trated pumping, one in the north and one in south as
shown in figure 31. Ground-water withdrawals were
split evenly between the two areas and held equal to the
estimated annual recharge. A total of 84 cells have simu-
lated withdrawals with 0.552 ft3/s (400 acre-ft/yr) with-
drawn from each cell in the south and 1.104 ft3/s (799
acre-ft/yr) withdrawn from each cell in the north. The
large withdrawals in each cell were evenly divided be-
tween the upper two layers.

When ground-water withdrawals were concentrated
in two areas, two cones of depression developed during
the pumping period (fig. 31). The cone of depression in
the north is well defined; whereas the cone of depression
in the south is shallower and less well defined. This is the
result of much smaller transmissivity values in the north.
The maximum water-level decline in the north was more
than 160 ft; in the south it was about 60 ft. The average
water-level decline at the end of pumping for both areas

was almost 76 ft (fig. 32). Unlike the tvro previous devel-
opment alternatives, substantial wazter-level declines
were present along the entire eastern boundary (fig. 31).
By dividing the withdrawals into two centers, effects at
the general-head boundaries were moderated. Basin in-
flow increased slightly, whereas net basin outflow de-
creased substantially, but not as much as in development
alternative A2 (fig. 33).

Because of the smaller water-level declines, which
were distributed over a larger area, water levels recov-
ered more rapidly than in the previous development al-
ternatives. More water initially went irto storage (figs. 32
and 34). Like development alternative A2, residual wa-
ter-level declines after the full recovery period were
large—more than 12 ft—in the extrem= northeast corner
(fig. 35). The entire southern one-half and the central part
of the northern one-half of the basin recovered to within
2 ft of the original potentiometric surface. As shown in
figure 33, water levels had recovered sufficiently so that
the general-head boundaries had essentially returned to
near steady-state conditions after 100 years.

This development alternative shows the benefits of
distributing rather than concentrating ground-water
withdrawals. This development alternative was 86 per-
cent effective in eliminating natural discharge, substan-
tially better than development alternatives A1 and A2. As
shown in figures 34 and 36, the rate of change in water re-
moved from storage and natural discharge became small
after 100 years as a new equilibrium was approached.



SIMULATION OF HYPOTHETICAL DEVELOPMENT ALTERNATIVES

113°10' 113°00' _ 112°50' EXPLANATION
i | / B 4 e ie k'e :

ésw f 4, 4 | Consolidated rocks
' ! : o [ ] Basinsu

¥ | _’fj.‘. 0

T.248.

Cell simulating pumping

=250 = Line of equal water-level
decline after 300 years

of pumping—Interval is
50 feet

Boundary of study area

38°30'

38°20'

38°10'

R 13wW. R.12W.

0 5 10 MILES
: 1 J
0

I
10 KILOMETERS

o -

FIGURE 25.—Simulated water-level declines after 300 years of pumping and areal distribution of cells simulating
pumping for development alternative A2.



G46

REGIONAL AQUIFER-SYSTEM ANALYSIS—GREAT BASIN—NEVADA AND UTAH

PUMPING RECOVERY

0 T T T ] T T T | T T T T T T l T T T T T N
= 50 B ; =
oW - : .
Gz -100 [ ! 3
'il,J £ C l ]
5 o | 5 :
=3 O f | E
B - : ]
o =200 » —]
_250 : 1 1 1 I L 1 1 l 1 1 1 i 1 1 1 ] 1 1 1 I 1 1 1 :

0 100 200 300 400 500 600

TIME, IN YEARS

FIGURE 26.—Simulated average water-level decline and recovery in model cells containing pumped wells for
development alternative A2.
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FIGURE 27 —Simulated changes in basin inflow and net outflow at general-head boundaries during pumping and
recovery for development alternative A2.
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FIGURE 28.—Simulated changes in the ratios of water removed from storage during pumping to recharge and water added
to storage during recovery to recharge for development alternative A2.
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FIGURE 29.—Simulated residual water-level declines after 300 years of recovery for development alternative A2.
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FIGURE 30.—Simulated change in the ratio of natural discharge to recharge during pumping and recovery for
development alternative A2.

DEVELOPMENT ALTERNATIVE Bl

In this development alternative, an entirely different
approach was taken for distributing ground-water with-
drawals. A trial-and-error method was used to find the
pumping distribution most efficient at eliminating natu-
ral discharge. Knowledge gained from the previous
development alternatives and the fact that evapotranspi-
ration occurs throughout the length of the simulated area
provided the basis for the initial distribution of ground-
water withdrawals. After each simulation, the distribu-
tion of ground-water withdrawals was modified in order
to eliminate evapotranspiration and to balance basin out-
flow with basin inflow at the northwest general-head
boundary. The original constraints on ground-water
withdrawals were maintained during the process.

The final distribution of ground-water withdrawals,
which is one of many possible, used 96 cells distributed
along the axis of the basin (fig. 37). This distribution co-
incides with the area of evapotranspiration as shown on
plate 2. As in previous development alternatives, the net
ground-water withdrawals equaled the estimated annual
recharge. The cells had ground-water withdrawals rang-
ing from 0.552 ft3/s (400 acre-ft/yr) to 1.104 ft3/s (799
acre-ft/yr). Ground-water withdrawals from cells near
the southwest corner were necessary to eliminate evapo-
transpiration; and in all simulations using this distribu-
tion, the adjacent general-head boundary was affected

immediately, thus increasing basin inflow. Ground-wa-
ter withdrawals were simulated in cells near the north-
west general-head boundary for the purpose of balancing
basin outflow with inflow.

After 300 years of pumping, cones of depression had
developed in the north and the southwest corners of the
basin with a discernible trough along the axis of the basin
(fig. 38). The maximum water-level decline was more
than 60 ft and the average water-level decline was almost
45 ft (fig. 39). The general-head boundaries were affected
immediately because of the strategically placed ground-
water withdrawals (fig. 40).

Unlike previous development alternatives, strategi-
cally placed ground-water withdrawals resulted in dis-
tributed water-level declines throughout the basin, thus
maximizing the area for potential recharge when pump-
ing ceased. During recovery, more water initially went
into storage (fig. 41), thus allowing water levels to rise
rapidly and recovery to be more complete; however, like
the development alternatives A2 and A3, which have
ground-water withdrawals in the north, residual water-
level declines are present only in the northern one-half of
the basin with maximum residual water-level declines of
more than 5 ft in the extreme northeast corner (fig. 42).

This development alternative was efficient at captur-
ing natural discharge with most of the decrease occurring
in the first 50 years of pumping (fig. 43). By the end of 300
years of pumping, 89 percent of the natural discharge had
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FIGURE 31.—Simulated water-level declines after 300 years of pumping and areal distribution of cells simulating pumping for
development alternative A3.
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FIGURE 32.—Simulated average water-level decline and recovery in model cells containing pumped wells for
development alternative A3.
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FIGURE 33.—Simulated changes in basin inflow and net outflow at general-head boundaries during primping
and recovery for development alternative A3.
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FIGURE 34—Simulated changes in the ratios of water removed from storage during pumping to recharge and water added
to storage during recovery to recharge for development alternative A3.
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FIGURE 35.—Simulated residual water-level declines after 300 years of recovery for development alternative A3.
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FIGURE 36.—Simulated change in the ratio of natural discharge to recharge during pumping and recovery for
development alternative A3.

been eliminated. Evapotranspiration had ceased, thereby
leaving net basin outflow as the only form of natural dis-
charge. The ground-water system approached a new
equilibrium after 200 years. For the remaining 100 years
of pumping, there was no substantial change in the quan-
tity of water removed from storage. Similarly, recovery
was rapid with most of it occurring in the first 100 years.

DEVELOPMENT ALTERNATIVE B2

This development alternative uses the same distribu-
tion of withdrawals as development alternative B1 but in-
creases the net ground-water withdrawals by a factor of
1.25. Originally, this simulation used a factor of 1.5; but
cells in the upper layer near the northwest general-head
boundary began to go dry after 100 years of pumping. Af-
ter several cells had gone dry, they became inactive for
the remainder of the simulation, including the recovery
period; therefore, the simulation could not approximate
the response of the ground-water system to the hypothet-
ical stress. By using the smaller increase, this problem
was not encountered.

As in development alternative B1, a well-defined cone
of depression developed in the southwest corner of the
basin, with water-level declines of more than 70 ft after
300 years of pumping (fig. 44). A broad trough developed
through the center of the area with maximum declines of
more than 90 ft in the north and 80 ft in the south. The av-
erage water-level decline was more than 80 ft within the
entire pumped area (fig. 45). Substantial water-level

declines were present at all boundaries The general-head
boundaries were affected immediately and changes in the
rate of basin inflow and outflow continued throughout
the pumping period (fig. 46).

Due to the broad area of water-level declines and
large quantities of water removed fromr storage, almost 50
years of recovery were necessary befor= substantial quan-
tities of water went into storage (fig. 47). After 300 years
of recovery, residual water-level declines were less than 2
ft throughout most of the area (fig. 48). As in previous
development alternatives that pumped from the north
part of the basin, substantial residual water-level declines
were present in the northeast corner.

The ratio of storage versus recharge declined drasti-
cally during the first 50 years of pumping (fig. 47). Dur-
ing the remaining 250 years, this ratio continued to
decline, but at a much slower rate. Eizhty-six percent of
the natural discharge was eliminated after 100 years with
most of the remaining 14 percent elirinated in the last
200 years of pumping (fig. 49). By commaring the ratios of
storage and natural discharge to recharge, it is apparent
that as natural discharge was eliminated, less water was
removed from storage.

DEVELOPMENT ALTERNATTVE B3

In the final development alternative, ground-water
withdrawals were varied during the pumping phase. For
the first 50 years, the applied stress was 1.75 times the
estimated annual recharge, and was held equal to re-
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FIGURE 37.—Areal distribution of cells simulating pumping for development alternatives B1, B2, and B3.
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FIGURE 38.—Simulated water-level declines after 300 years of pumping for development alternative B1.
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FIGURE 41.—Simulated changes in the ratios of water removed from storage during pumping to recharge and water added

to storage during recovery to recharge for development alternative B1.
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FIGURE 42.—Simulated residual water-level declines after 300 years of recovery for development alternative B1.
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charge for the remaining 250 years. The same distribution
of ground-water withdrawals derived for development
alternative Bl was used. The response of the ground-
water system to this hypothetical stress was quite differ-
ent compared to the previous development alternatives.

As in development alternatives Bl and B2, a well-
defined cone of depression, with water-level declines of
more than 50 ft, developed in the southwest corner of the
area. In this case, however, the cone of depression devel-
oped after only 50 years of pumping (fig. 50). An elongate
trough of water-level declines developed along the axis of
the basin with maximum declines of more than 60 ft in
three separate areas. Water-level declines developed
along all basin boundaries. A small trough of water-level
declines developed in the extreme north end of the basin
near Black Rock. Under actual conditions, water-level
declines in that area probably would be less because the
basalt near Black Rock could provide more water than the
constant flux allowed in these simulations.

When the net ground-water withdrawals were
reduced, the average water level rose in the pumped cells
for the next 50 years and then stabilized for the remaining
200 years (fig. 51). Similarly, effects at both general-head
boundaries stabilized after the first 50 years (fig. 52).
After the full 300 years of pumping, the computed water-
level declines (fig. 53) are different from the computed
water-level declines after 50 years of pumping. Although
water levels rose in the southern one-half of the basin, the
cone of depression in the southwest corner remained well
defined. Similarly, water-level declines at the southern

boundaries were reduced. In contrast, water levels con-
tinued to decline throughout the northern one-half of the
basin. Although the maximum water-level decline did
not decrease substantially, the effects of continue 1 pump-
ing at the reduced rate can be seen by the increased water-
level declines at the northern basin boundaries. The con-
tinued water-level declines are due to smaller t-ansmis-
sivity values and less recharge compared to the southern
one-half of the basin.

Initially, the quantity of water removed from storage
was large; but, after 25 years, it began to stabilize. When
the net ground-water withdrawals were reduced for the
remaining 250 years, the quantity of water removed from
storage decreased drastically with the net change in stor-
age approaching zero (fig. 54). With partial recovery in
the last 250 years of pumping, water levels were able to
recover more rapidly after pumping ceased. Aschownin
figure 55, most of the area recovered to within 1 ft of the
original water levels. Residual water-level de-lines of
more than 6 ft are found in the extreme northeast corner
of the basin.

In the first 50 years of the simulation, nat-ral dis-
charge was captured efficiently, eliminating 86 percent.
For the remainder of the pumping period, only another 5
percent of the natural discharge was eliminated (fig. 56).
After 200 years, all evapotranspiration had ceared, thus
natural discharge for the remaining 100 years was com-
posed entirely of net basin outflow. After 50 years, with
natural discharge mostly captured and ground-water
withdrawals reduced to a quantity equal to recharge,
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FIGURE 46.—Simulated changes in basin inflow and net outflow at general-head boundaries during pumping and
recovery for development alternative B2.

PUMPING RECOVERY
2.0 T T T T T T T | T T T

T T T Um— T I — T
1.8
1.6 —
14

RATIO OF STORAGE TO RECHARGE

400 500 600

TIME, IN YEARS

FIGURE 47.—Simulated changes in the ratios of water removed from storage during pumping to recharge and water added
to storage during recovery to recharge for development alternative B2.
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FIGURE 49.—Simulated change in the ratio of natural discharge to recharge during pumping and recovery for
development alternative B2.

water removed from storage was about equal to the quan-
tity of water exiting the basin through the general-head
boundary.

EVALUATION OF DEVELOPMENT ALTERNATIVES

Four different distributions of ground-water with-
drawals were used in “sustained”-yield simulations to
determine (1) their efficiency in reducing or eliminating
natural discharge, (2) their effect on water-level declines,
and (3) their residual effects on water-level recoveries and
resumption of natural discharge after pumping ceased.
Two additional simulations tested the effects of ground-
water withdrawals greater than the average annual
recharge.

All development alternatives resulted in declining
water levels and reduced natural discharge during
pumping; but in most cases, water levels and natural dis-
charge recovered to near pre-pumping conditions after
pumping had ceased. The extent of water-level declines
and the rate of reduction of natural discharge was most
dependent on the areal distribution of withdrawals.
Because increased pumping above average annual re-
charge goes beyond the concept of “sustained” yield,
variations in the rate of pumping were not tested for de-
velopment alternatives that have concentrated pumping
centers. Increasing the rate of pumping for these devel-
opment alternatives would have formed deeper cones of
depression and would not have decreased natural dis-
charge substantially.

During the 300-year recovery phase, the rates at
which water levels recovered and natural discharge
increased were dependent on (1) the areal distribution of
ground-water withdrawals relative to recharg= bound-
aries, (2) the areal distribution of transmissivitv, and (3)
the quantity of water removed from storage.

“Sustained”-yield simulations involving ccncentrat-
ed pumping centers (development alternatives Al, A2,
and A3) were least effective in reducing natural dis-
charge, and formed well-defined cones of depression
with large water-level declines. Developmen* alterna-
tives A1 and A2 had the largest water-level declines and
the largest amount of water removed from storage (table
5). Development alternative Al, with its con-entrated
pumping center in the southern one-half of the basin area,
had the advantage of larger transmissivity values in the
pumped area and closer proximity to the main sources of
recharge than alternative A2 with its pumping center in
the north; therefore, water-level declines were lezs and re-
covery was faster for development alternetive Al.
Because natural discharge occurs throughout the basin
area, neither development alternative Al or A2 were
completely effective in reducing natural cischarge.
Development alternative A3, which equally divided
pumping between two centers, began to approach the
optimum development pattern by more effectively reduc-
ing natural discharge, coupled with smaller water-level
declines and less water removed from storag2. These
conditions allowed for faster recovery after pumping
ceased.
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FIGURE 52.—Simulated changes in basin inflow and net outflow at general-head boundaries during pumping and
recovery for development alternative B3.

A development alternative with withdrawals strategi-
cally distributed, such as development alternative BI,
proved to be the most effective in reducing natural dis-
charge, eliminating 89 percent of the total evapotranspira-
tion and basin outflow as the ground-water system
approached a new equilibrium. This was accomplished
with minimal water-level declines throughout the basin
and the least amount of water removed from storage
(table 5). By removing ground water normally lost to
evapotranspiration and basin outflow, the ground-water
system was not substantially depleted, thus allowing for
rapid recovery.

Development alternatives B2 and B3 provided some
insight into the effects of ground-water mining by with-
drawing more ground water than the average annual
recharge. Net ground-water withdrawals for develop-
ment alternative B2 were 1.25 times larger than the esti-
mated average annual recharge for the basin. This
development alternative almost eliminated natural dis-

charge after 200 years of pumping, but it also produced
water-level declines throughout the basin, especially in
the north. Pumping at a large rate for the first 50 years,
such as development alternative B3, proved to be effec-
tive in eliminating natural discharge in a short time.
When the pumping rate was reduced to the estimated av-
erage annual recharge for the remaining 250 years of
pumping, water levels partially recovered and th=n stabi-
lized. This development alternative had two additional
advantages: (1) it removed virtually no water from stor-
age after the first 100 years of pumping, and (2) it pro-
duced the second smallest water-level declines after the
full 300 years of pumping. Along with deve'npment
alternative B1, this alternative could be another viable
development option for the beneficial use of ground
water before it is consumed by evapotranspirat'on or is
lost by flowing out of the basin, despite the initial disad-
vantage of large water-level declines that might promote
the compaction of sediments and land subsidence.
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FIGURE 53.—Simulated water-level declines after 300 years of pumping for development alternative B3.
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TABLE 5.—Cusmulative total of simulated water removed from storage

after pumping and recovery for each development alternative in the

Milford area, Utah

[Data are in cubic feet; acre-feet shown in parentheses]

Development Following Following
alternative pumping recovery
Al 1.88x1011 4.53x10°
(4,320,000) (104,000)
A2 2.20x101! 1.73x10%0
(5,050,000) (397,000)
A3 1.53x101 6.85x10°
(3,510,000) (157,000)
Bl 1.11x101! 3.08x10°
(2,550,000) (70,700)
B2 2.06x1011 7.21x10°
(4,730,000) (166,000)
B3 1.39x101! 4.23x10°
(3,190,000) (97,100)

NEED FOR FUTURE STUDIES

Transient simulations produced water-level declines
at the basin fill-consolidated rock interface that right not
occur if the consolidated rocks are able to yield and trans-
mit water readily to the basin fill. In this study, the flux
entering the ground-water system from consolidated
rocks at the margin of the basin was determined initially
by using constant-head cells along this boundary.
Because of the lack of data, the estimated water levels at
these cells may lead to uncertainty in the estimated flux.
Additional well data and, if possible, aquifer-test data
would help define the hydraulic properties of the basin
fill at these boundaries and permit a better estimate for
this uncertain component of the water budget.

This study redefined the flow direction in the north-
ern one-half of the study area, using limited test-hole
data. Additional data might better define the e>tent and
quantity of basin outflow along the northwest boundary.

The vertical head gradient within the area of present
ground-water development had to be estimated because
water-level data solely from the confined aquifer were
lacking. Data from newer wells completed on'y in the
confined aquifer, without multiple perforated zones,
might permit a refined conceptualization of the ground-
water system. Aquifer tests using wells with limited per-
forated zones might permit better estimates of vertical
hydraulic conductivity and vertical hydraulic gradient.
With this information, transient simulations could project
effects of future ground-water withdrawals within the
developed area with greater accuracy.
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development alternative B3.

SUMMARY

As part of the Great Basin Regional Aquifer-System
Analysis program, a three-dimensional, finite-difference
model was constructed to simulate the ground-water sys-
tem in the Milford area of southwestern Utah. The cali-
brated model was used to make short-term predictive
simulations to estimate water-level declines using the
current (1984) pumping distribution, and hypothetical
long-term simulations using several different pumping
distributions.

Ground-water movement in the basin-fill aquifer gen-
erally is from south to north with a prominent east-west
component of flow from the eastern recharge boundary
along the Mineral Mountains toward the center of the
basin. Recharge from the western boundary appears to be
inconsequential; therefore, the flow direction along the
western margin basically parallels the main flow direc-
tion in the center of the basin. Measured and inferred
water levels from new test holes in the northwest part of
the basin indicate that ground water exits the basin in a
northwesterly direction through the north end of the San
Francisco Mountains rather than as underflow following
the Beaver River drainage to the north.

The basin-fill aquifer was simulated by using three
layers to represent the three-dimensional system. After
the model was calibrated, simulations were able to
approximate steady-state conditions for 1927 and tran-
sient conditions from 1950-82. Through steady-state cali-
bration, subsurface inflow from consolidated rocks along
the Mineral Mountains was computed to be almost 24,000

acre-ft/ yr. Basin outflow to the northwest was ccmputed
to be more than 11,000 acre-ft/ yr and evapotranspiration
was computed to be almost 27,000 acre-ft/yr. Two tran-
sient simulations using constant and varying recharge
from surface water for each stress period were made to
test the effects of these conditions on the grourd-water
system. With the present model-grid configuration, sub-
stantial differences in computed water-level changes
between the two methods of simulating recharge are indi-
cated in the vicinity of the Beaver River in the southeast
part of the area; but, for most of the simulated area, mini-
mal or no differences in water levels were indica‘ed.

Sensitivity analysis showed that the largest changes in
the computed-head distributions were caused by changes
in recharge at the eastern boundary, evapotranspiration
rates, and evapotranspiration extinction depths. Similar-
ly, the largest changes in ground-water flow at head-
dependent boundaries, such as the general-heac' bound-
aries and the area of evapotranspiration, were ceused by
changes in recharge at the eastern boundary, eva»otrans-
piration rates and extinction depths, and transmissivity
values.

The calibrated ground-water flow model was used to
make short-term predictive simulations over a 37-year
period from 1983 to 2020. Three simulations were made
using rates of ground-water withdrawal equal to 1, 1.5,
and 2 times the 1979-82 average rate. Water-level declines
of about 6 to 12 ft were projected using the average rate
for 1979-82. The declines are minimal primarily because
the average rate of withdrawal for 1979-82 is virtually
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equal to the estimated average annual recharge. At 1.5
times the 1979-82 average rate, projected maximum
water-level declines increased to more than 35 ft.
Although this rate of withdrawal was reached only once
(1974) in the Milford area, future long-term average with-
drawals could conceivably approach this level. As a
worst-case simulation, maximum water-level declines of
more than 70 ft were projected using withdrawals equal
to twice the 1979-82 average rate.

In order to test the concepts of “sustained” yield,
ground-water mining, and the capture of natural dis-
charge, several 600-year simulations were made using
hypothetical distributions of ground-water withdrawals.
Simulations using concentrated pumping centers were
the least efficient at eliminating natural discharge and
approaching new equilibrium conditions, and produced
the largest water-level declines. Simulations using a dis-
tribution with ground-water withdrawals strategically
placed in discharge areas were the most efficient at elimi-
nating natural discharge, and in some cases approached a
new equilibrium condition.
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